Alhawaj R, Patel D, Kelly MR, Sun D, Wolin MS. Heme biosynthesis modulation via ␦-aminolevulinic acid administration attenuates chronic hypoxia-induced pulmonary hypertension. Am J Physiol Lung Cell Mol Physiol 308: L719 -L728, 2015. First published February 6, 2015 doi:10.1152/ajplung.00155.2014.-This study examines how heme biosynthesis modulation with ␦-aminolevulinic acid (ALA) potentially functions to prevent 21-day hypoxia (10% oxygen)-induced pulmonary hypertension in mice and the effects of 24-h organoid culture with bovine pulmonary arteries (BPA) with the hypoxia and pulmonary hypertension mediator endothelin-1 (ET-1), with a focus on changes in superoxide and regulation of micro-RNA 204 (miR204) expression by src kinase phosphorylation of signal transducer and activator of transcription-3 (STAT3). The treatment of mice with ALA attenuated pulmonary hypertension (assessed through echo Doppler flow of the pulmonary valve, and direct measurements of right ventricular systolic pressure and right ventricular hypertrophy), increases in pulmonary arterial superoxide (detected by lucigenin), and decreases in lung miR204 and mitochondrial superoxide dismutase (SOD2) expression. ALA treatment of BPA attenuated ET-1-induced increases in mitochondrial superoxide (detected by MitoSox), STAT3 phosphorylation, and decreases in miR204 and SOD2 expression. Because ALA increases BPA protoporphyrin IX (a stimulator of guanylate cyclase) and cGMP-mediated protein kinase G (PKG) activity, the effects of the PKG activator 8-bromo-cGMP were examined and found to also attenuate the ET-1-induced increase in superoxide. ET-1 increased superoxide production and the detection of protoporphyrin IX fluorescence, suggesting oxidant conditions might impair heme biosynthesis by ferrochelatase. However, chronic hypoxia actually increased ferrochelatase activity in mouse pulmonary arteries. Thus, a reversal of factors increasing mitochondrial superoxide and oxidant effects that potentially influence remodeling signaling related to miR204 expression and perhaps iron availability needed for the biosynthesis of heme by the ferrochelatase reaction could be factors in the beneficial actions of ALA in pulmonary hypertension. endothelin; ferrochelatase; guanylate cyclase; micro-RNA 204; superoxide CHRONIC HYPOXIA IS AN IMPORTANT factor in the development of pulmonary hypertension in diseases such as chronic obstructive pulmonary disease (COPD), sleep apnea, and mountain sickness (10, 20) . It is thought to promote pulmonary hypertension development through persistent pulmonary vasoconstriction and vascular remodeling (31). There is substantial evidence for increases in the generation of reactive oxygen species from sources including Nox oxidases and mitochondria having important roles in the development and/or progression of pulmonary hypertension caused by chronic hypoxia and other stimuli of this disease process (7, 15, 18, 27, 30) . Pulmonary arterial generation of nitric oxide (NO) is normally thought to oppose this process of vasoconstriction and remodeling through promoting cGMP signaling (12). Regulation of soluble guanylate cyclase (sGC) by NO is one of the systems impaired by pulmonary hypertension as a result of processes including decreased biosynthesis of NO, increased inactivation of NO by superoxide, and oxidation of the Fe 2ϩ heme of sGC that binds NO (11, 12, 23, 37) . Oxidation of the sGC heme in pulmonary hypertension appears to enhance the pulmonary vasodilator activity of direct activators of sGC which bind its heme site (11, 37). The iron-free precursor of heme, protoporphyrin IX (PPIX), can activate sGC by directly binding its heme site (40), and treatment of pulmonary arteries with ␦-aminolevulinic acid (ALA) promotes sGC activation as a result of the accumulation of PPIX (29). Because drugs such as Riociguat, which stimulate sGC, or Sildenafil, which inhibits the removal of cGMP by phosphodiesterase, are beneficial in treating pulmonary hypertension (6, 25, 37), this study examined aspects of how treatment of mice with ALA could protect against several oxidant processes associated with pulmonary hypertension development.
endothelin; ferrochelatase; guanylate cyclase; micro-RNA 204; superoxide CHRONIC HYPOXIA IS AN IMPORTANT factor in the development of pulmonary hypertension in diseases such as chronic obstructive pulmonary disease (COPD), sleep apnea, and mountain sickness (10, 20) . It is thought to promote pulmonary hypertension development through persistent pulmonary vasoconstriction and vascular remodeling (31) . There is substantial evidence for increases in the generation of reactive oxygen species from sources including Nox oxidases and mitochondria having important roles in the development and/or progression of pulmonary hypertension caused by chronic hypoxia and other stimuli of this disease process (7, 15, 18, 27, 30) . Pulmonary arterial generation of nitric oxide (NO) is normally thought to oppose this process of vasoconstriction and remodeling through promoting cGMP signaling (12) . Regulation of soluble guanylate cyclase (sGC) by NO is one of the systems impaired by pulmonary hypertension as a result of processes including decreased biosynthesis of NO, increased inactivation of NO by superoxide, and oxidation of the Fe 2ϩ heme of sGC that binds NO (11, 12, 23, 37) . Oxidation of the sGC heme in pulmonary hypertension appears to enhance the pulmonary vasodilator activity of direct activators of sGC which bind its heme site (11, 37) . The iron-free precursor of heme, protoporphyrin IX (PPIX), can activate sGC by directly binding its heme site (40) , and treatment of pulmonary arteries with ␦-aminolevulinic acid (ALA) promotes sGC activation as a result of the accumulation of PPIX (29) . Because drugs such as Riociguat, which stimulate sGC, or Sildenafil, which inhibits the removal of cGMP by phosphodiesterase, are beneficial in treating pulmonary hypertension (6, 25, 37) , this study examined aspects of how treatment of mice with ALA could protect against several oxidant processes associated with pulmonary hypertension development.
The src-mediated phosphorylation of signal transducer and activator of transcription-3 (STAT3) is a key cell growthregulating pathway that participates in the pulmonary arterial smooth muscle proproliferative and anti-apoptotic remodeling seen in models of pulmonary hypertension (13, 34) . Decreasing micro-RNA 204 (miR204) in pulmonary arterial smooth muscle as a result of increased STAT3 phosphorylation appears to be a major coordinating event in this regulatory process (13) . Based on oxidant-promoting pulmonary hypertension mediators such as endothelin-1 (ET-1) activating src-STAT3-miR204 signaling in a manner inhibited by dehydroepiandrosterone (13, 34) , an agent that has recently been shown to promote PKG activation in pulmonary arteries (33) , this study focused on examining the hypothesis that PKG signaling promoted by ALA could attenuate the oxidant activation of this pathway.
Analysis of red blood cells from pulmonary hypertensive patients has recently (14) detected evidence for an impairment of iron availability for the generation of heme from PPIX by mitochondrial ferrochelatase (FECH). Pulmonary hypertension is also associated with a deficiency in the mitochondrial Mncontaining superoxide dismutase (SOD2) enzyme, suggesting increased mitochondrial matrix superoxide levels are an important factor in pulmonary hypertension (3) . Because mice deficient in hematopoietic stem cell SOD2 have been shown to have decreased bone marrow FECH activity and impaired erythrocyte maturation (9) , it was hypothesized that pulmonary arteries might also show evidence for inhibition of the insertion of Fe 2ϩ heme into PPIX by FECH under conditions promoting pulmonary hypertension. Oxidant conditions present during pulmonary hypertension development could potentially favor a therapeutic benefit of ALA promoting PPIX-mediated sGC stimulation under conditions where the normal beneficial effects of sGC regulation by endogenous NO generation are lost. Because ET-1 is one of the main mediators of the effects of chronic hypoxia on the pulmonary vasculature contributing to the development of chronic hypoxia-induced pulmonary hypertension (17, 27) , this study examines how modulation of pulmonary artery heme biosynthesis from ALA could be a factor in the initial effects of ET-1 on endothelium-denuded bovine pulmonary arteries under a 24-h organoid culture system and in the prolonged therapeutic effects of treatment with 50 mg·kg Ϫ1 ·day Ϫ1 ALA during the 21-day period of exposure to hypoxia on aspects of oxidant signaling associated with miR204 regulation and pulmonary hypertension development. Initial probing studies are also included to detect if the oxidant conditions associated with pulmonary hypertension show evidence of a disruption of vascular heme biosynthesis in pulmonary arteries that could enable PPIX accumulation.
METHODS
Conditions for exposure of mice to chronic hypoxia. All protocols were approved by the Institutional Animal Care and Use Committee at New York Medical College. Male C57BL/6J mice (8 -10 wk) were purchased from Jackson Laboratories. Mice were either exposed for 21 days to normoxic (21% O 2) or hypoxic (10% O2) conditions using a hypoxic in vivo cabinet (model 30) and an oxygen controller (COY Laboratory Products) during which some of the mice were treated with 6 mM ALA (50 mg·kg Ϫ1 ·day Ϫ1 ) in the drinking water, which was changed every 2 days, when cages were cleaned. After 21 days, pulmonary arteries, lungs, and hearts were isolated from each mouse after they were anesthetized via an intraperitoneal injection of pentobarbital sodium (50 mg/kg).
Right heart catheterization. Mice were anesthetized with a continuous isoflurane-oxygen mixture. A fluid-filled polyethylene catheter with heparinized saline was placed in the right jugular vein and advanced into the right ventricle. After reaching a heart rate of ϳ500 beats/min via adjusting the flow of isoflurane to the mouse and waiting for 5 min until the recordings were stabilized, pressure measurements were then acquired over the next 5 min, and pressures representing the average of this period were recorded. Heart rate and right ventricular systolic pressure (RVSP) were recorded and analyzed using a Kent scientific transducer and a Powerlab data acquisition system.
Doppler echocardiographic measurements. Transthoracic echocardiography was performed on the mice that were under light anesthesia, through a constant flow of isoflurane using an adaptation of previously described methods (38) . A mechanical transducer centered on 30 MHz (Vevo 770; Visualsonics, Toronto, Ontario, Canada) was used to obtain an aortic B-mode image of the heart. The pulsed-wave Doppler sampler was positioned on the pulmonary valve leaflets and aligned with the direction of the flow for obtaining a pulsed-wave Doppler recording of the pulmonary blood flow. The pulmonary blood flow parameters measured included: 1) pulmonary acceleration time (PAT), the time from the onset of the pulmonary flow to peak velocity by pulsed-wave Doppler recordings; 2) ejection time (ET), the time from the onset to the end of the systolic flow; 3) the PAT-to-ET ratio, an index of pulmonary arterial pressure that corresponds inversely with the severity of the pulmonary hypertension. PAT/ET ratios are calibrated based on measurements of RVSP; and 4) velocity-time integral (VTI), the integral of the area under the captured image of Doppler flow of the pulmonary valve's velocity-time wave was calculated using a mechanical transducer centered on 30 MHz (Vevo 770; Visualsonics) for each experimental group under a constant flow of isoflurane. Heart rate was recorded by electrocardiograph electrodes located on the platform of the echocardiograph, and it was adjusted with isoflurane to a constant rate of ϳ500 beats/min as described for right heart catheterization.
Detection of right ventricular hypertrophy. Hearts were dissected to obtain the right ventricle and the left ventricle ϩ septum, and the percent ratio of these tissues was used to detect changes in ventricular hypertrophy. While mice exposed to hypoxia had lower body weights, treatment with ALA did not appear to alter body weight in either the 21-day normoxia or hypoxia groups.
Detection of changes in superoxide by chemiluminescence. Uniform rings of mouse pulmonary arteries and BPA were placed in plastic scintillation minivials containing 5 M lucigenin in 1 ml of Krebs solution buffered with 10 mM HEPES-NaOH (pH 7.4). The chemiluminescence from superoxide was measured by a liquid scintillation counter (LS6000IC; Beckman Instruments, San Diego, CA) with a single active photomultiplier tube in a dark room using previously described methods (1) . Background chemiluminescence in absence of the tissue was subtracted from subsequent measurements made in the presence of the pulmonary artery tissue. At the end the tissue was weighed. The counts were normalized to the weight of each tissue to give the readings in counts per minute per gram of tissue.
Western blot analysis. Lung slices and bovine pulmonary artery segments were flash-frozen in liquid nitrogen, crushed, and homogenized in lysis buffer cocktail [50 mM Tris·HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, protease inhibitor cocktail (Sigma), and phosphatase inhibitor cocktail (Sigma)]. A modified Bradford protein assay was performed, and loading samples were prepared in electrophoresis sample buffer and separated using a 10% SDS-PAGE. Proteins were transferred to nitrocellulose membranes. The membranes were blocked for 1 h with TBS-Tween 20 -5% milk and incubated overnight with the primary antibodies. Antibodies for phospho-STAT3 and STAT3 (79 kDa) were obtained from Cell Signaling. Antibodies for SOD2 (25 kDa) were obtained from Abcam. The ␤-actin (42 kDa) antibody was obtained from Sigma Chemicals. Membranes were exposed to a secondary horseradish peroxidaselinked antibody and stained using materials in an ECL kit (Amersham). The membranes were exposed to X-OMAT autoradiography paper (Kodak). Protein loading was normalized to ␤-actin. Bands were analyzed by UN-SCAN-IT gel 6.1 software.
Quantitative real-time PCR measurements of miR204. Lung slices and bovine pulmonary artery segments were flash-frozen in liquid nitrogen and crushed, and total RNA was extracted and quantified for reverse transcription. Reverse transcription and real-time PCR were performed using a miScript Starter kit (Qiagen). The results measuring miR204 were normalized to a primer that targets snRNA RNU6B (RNU6-2) (13).
Organoid culture. Organoid cultures were performed for inducing ET-1 signaling cascade in BPA by exposing them to 10 nM ET-1 under conditions previously described for studies using ALA to modulate sGC (29) . Branches of BPA were isolated from fresh slaughterhouse-derived calf lungs transported in chilled buffered saline. The second-and third-order branches were isolated and deendothelialized by gentle rubbing. BPA rings were cut at a width of 2-3 mm. These rings were incubated for 24 h at 37°C in DMEM containing 10% fetal bovine serum, antibiotics (penicillin, streptomycin, and fungizone) in 5% carbon dioxide in air. The BPA rings were incubated in the following drugs: ALA (100 M), 8-bromo-cGMP (100 M), and gp91ds-tat (50 M) in the presence or absence of ET-1 (10 nM), as indicated in RESULTS. After the incubation period, the rings were flash-frozen in liquid nitrogen and stored in a Ϫ80°C freezer to be processed for Western blot analysis, quantitative real-time PCR (qRT-PCR), and chemiluminescence measurements of superoxide.
Detection of changes in PPIX. Changes in endogenous PPIX in BPA segments were measured using a BIOTEK fluorescent microplate reader (model FLx800i), as previously described (29) . BPA segments of approximately equal sizes ϳ4 mm diameter and length were placed at the bottom of ϳ6-mm-diameter wells of a 96-well microplate with 200 l of HEPES-buffered Krebs solution (pH 7.4). The fluorescence was measured from the bottom surface of the plate. The excitation wavelength of 528 Ϯ 20 nm and emission wavelength of 620 Ϯ 40 nm were employed to detect alterations in PPIX in organ-cultured BPA segments. Data were reported in arbitrary fluorescence units measured, after subtraction of the low levels of background fluorescence observed in the absence of BPA segments.
Ferrochelatase activity assay. Pulmonary arteries from approximately two mice were pulverized in liquid nitrogen, incubated on ice for 45 min with 50 l of buffer (0.25 M Tris·HCl buffer, pH 8.2, containing 1% Triton X-100 and 1.75 mM of palmitic acid), and then sonicated on ice for 10 s. After centrifugation, the supernatant was assayed for protein content by the Bradford method, and protein assay was performed. The amount of FECH activity present after 60 min incubation was assayed by the accumulation of Zn-PPIX from 67 M PPIX and 42 M zinc acetate, using 20 g protein in a final volume of 30 l, as previously described (39) . A dimethyl sulfoxide-methanol (30:70) solution was used to stop the FECH reaction. HPLC measurement of the amount of ZnPPIX formation was used to determine the ferrochelatase activity in each sample. Before the start of the experiment, increasing concentrations of ZnPPIX were loaded into the column to generate a standard curve for ZnPPIX. We employed an Agilent 1100 HPLC system using a normal-phase Phenomenex column (Luna 5 Silica-2 100A, 250 ϫ 4.6 mm) with acetone-methanolwater-formic acid (560:240:200:2) and 1 ml/min, as the mobile phase. ZnPPIX was detected based on the amount of fluorescence observed employing excitation and emission wavelengths of 415 and 580 nm, respectively.
Detection of changes in mitochondrial and extramitochondrial superoxide. HPLC measurement of the superoxide-specific hydroxylated products of MitoSox and dihydroethidium were employed for quantifying changes in mitochondrial matrix and extramitochondrial matrix superoxide, using previously described methods (41) . Before the start of the experiment, increasing concentrations of Mito-2-hydroxyethidium or 2-hydroxyethidium were loaded into the column to generate a standard curve. Tissues were incubated with 5 M MitoSox or dihydroethidium, respectively, for 1 h in the dark (19) under conditions described in RESULTS, to measure mitochondrial and extramitochondrial superoxide, respectively. They were washed several times with Krebs solution buffered with 10 mM HEPES-NaOH (pH 7.4) and then frozen with liquid nitrogen. Tissues were pulverized in the presence of liquid nitrogen, dissolved in a solution of 1:1 acetonitrile-water (HPLC grade). After sonication and centrifugation, the supernatant was used for HPLC analysis of the superoxide-specific hydroxylated product of MitoSox (Mito-2-hydroxyethidium) or of dihydroethidine (2-hydroxyethidium) using an HPLC system with a Jasco FP-1520 fluorescence detector and a Beckman ultrasphere reverse column (C18) (5, 250 ϫ 4.6 mm), and pellets obtained from centrifugation were used for a Bradford protein assay.
Statistical analysis. Student's t-tests were used to assess significance of changes in experimental groups examined compared with the control for that group. ANOVA using Bonferroni's post hoc tests are used to determine significance between multiple experimental groups. Values were represented as means Ϯ SE, and P Ͻ 0.05 was used to determine statistical significance.
RESULTS

Effects of 21-day ALA treatment on chronic hypoxia-induced pulmonary hypertension as measured by right heart catheterization.
To measure the effect of ALA treatment on an indicator of pulmonary arterial pressure (PAP) under both normoxic and chronic hypoxic conditions, RVSP was determined through right heart catheterization ( Fig. 1A) under conditions where changes in heart rate were minimized by adjusting the delivery of isoflurane to keep the heart rate at ϳ500 beats/min. Twenty one days of exposure to 10% oxygen caused the increase in the RVSP, indicating the detection of increased pulmonary arterial pressure potentially caused by elevated pulmonary vascular resistance. ALA treatment attenuated the effects of chronic hypoxia on pulmonary arterial pressure, demonstrating a protective role played by ALA in attenuating the pathogenesis of chronic hypoxia-induced pulmonary hypertension. ALA may also have a modest lowering effect on RVSP in the control mice exposed to normoxia for 21 days, because this effect was significant when analyzed by a Student's t-test.
Effects of ALA treatment on chronic hypoxia-induced pulmonary hypertension measured by Doppler flow echocardiography. To measure the effect of ALA treatment on the pulmonary arterial pressure under both normoxic and chronic hypoxic conditions, pulmonary valve Doppler flow acceleration time (PAT) was measured as a function of the ET at the end of the treatment (Fig. 1B) , under conditions similar to those described for right heart catheterization, where heart rate was maintained constant at ϳ500 beats/min. Twenty one days of exposure to 10% oxygen caused the lowering of the PAT/ET ratio, indicating increased pulmonary arterial pressure caused by elevated pulmonary vascular resistance (38) . ALA treatment during the 21-day period of exposure to hypoxia attenuated the effects of chronic hypoxia on pulmonary arterial pressure (Fig. 1B) . In contrast to the direct measurements of RVSP, evaluation of PAT/ET ratios did not detect any effect of ALA in the control mice exposed to normoxia for 21 days. The absence of changes in VTI (Fig. 1C) and maintenance of relatively constant heart rates across experimental groups suggest that cardiac output may have been similar under all the conditions examined, which is consistent with changes in the PAT/ET ratio (or PAP) potentially originating primarily from changes in pulmonary vascular resistance.
Effects of ALA treatment on chronic hypoxia-induced right ventricle hypertrophy. To assess the effects of ALA treatment on right ventricular hypertrophy, right ventricle weights were normalized to left ventricle weight (including septum) as percent ratios. A significant increase in right ventricle mass in the 21-day hypoxia group was observed, which was attenuated in the 21-day hypoxia-treated with ALA group, indicating that the ALA treatment showed an antihypertrophic effect under chronic hypoxia (Fig. 1D) .
Effects of 21-day treatment with ALA on the detection of superoxide by lucigenin in pulmonary arteries isolated from mice exposed to chronic hypoxia. To assess the effect of long-term ALA treatment on pulmonary artery superoxide generation, segments of the intralobar pulmonary artery of mice from the four experimental groups (21-day normoxia control, ALA treated, 21-day hypoxia exposed, and 21-day hypoxia exposed and ALA treated) were subjected to measurements of the chemiluminescence detected in the presence of 5 M lucigenin. The ALA treatment appeared to be decreasing the detection of superoxide compared with the untreated control in pulmonary arteries from the 21-day normoxia-exposed mice, but this change was not statistically significant. Pulmonary artery segments from mice exposed to 21-day hypoxia showed an apparent elevation in superoxide production, and 21-day ALA treatment significantly decreased the detection of superoxide in pulmonary artery segments isolated from the mice exposed to hypoxia. Thus, ALA has a distinct lowering effect on levels of superoxide detected in pulmonary arteries obtained from mice exposed to 21 days of hypoxia ( Fig. 2A) .
Effects of 21-day treatment of mice with ALA on the decrease in lung miR204 expression caused by exposure to chronic hypoxia. To assess the role of ALA treatment on the expression of the micro-RNA (miR204), qRT-PCR was used to measure its expression in mice lung lysates. These measurements were made in lung tissue because it has previously been demonstrated that changes in lung miR204 levels originate from its downregulation in the pulmonary arteries associated with STAT3 regulation of vascular remodeling (13) . ALA treatment prevented the drop in miR204 caused by chronic hypoxia (Fig. 2B) . Thus, ALA can potentially have an antimitogenic role in pulmonary vasculature by modulating miR204 expression. Fig. 3A demonstrate that ET-1 increased superoxide detected by 5 M lucigenin in endothelium-denuded organoid-cultured BPA compared with BPA organoid cultured for 24 h in the absence of ET-1. BPA segments treated with ALA under organoid-cultured conditions showed an attenuation of the ET-1-mediated generation of superoxide (Fig. 3A) .
Effects of treatments of BPA with combinations of ET-1 and ALA after 24-h organ culture on the detection of superoxide by lucigenin. The data in
Effects in HEPES-buffered Krebs buffer solution (pH ϭ 7.4). Changes in superoxide were analyzed based on ET-1-exposed superoxide (counts/g) as a percent of the control for the same treatment (nontreated, ALA treated, 8-bromo-cGMP treated, and gp91ds-tat treated). The direct PKG activator, 8-bromo-cGMP, showed a decrease in ET-1-induced superoxide generation that was similar to ALA treatment, suggesting PKG signaling can attenuate the stimulation of superoxide production by ET-1. gp91ds-tat, an inhibitor of NADPH oxidase-2 (Nox2), also showed a similar inhibition of the superoxide-stimulating effects of ET-1, suggesting Nox2 has a key role in the ET-1 stimulation of superoxide generation (Fig. 3B) .
Effects of the presence of ALA during 24-h organoid culture of BPA on the increase in STAT3 phosphorylation caused by ET-1.
Western blot analysis of the phosphorylation of STAT3 at the tyrosine-705 residue was used to assess the effects of ALA on activation of STAT3 by ET-1 in the endotheliumdenuded BPA segments. ET-1 increased STAT3 phosphoryla- tion in the 24-h-cultured BPA rings. This was attenuated by ALA treatment, suggesting that ALA may have an inhibitory effect on vascular remodeling promoted through by STAT3 activation (Fig. 4A) .
Effects of the presence of ALA during 24-h organoid culture of BPA on the decrease in miR204 expression caused by ET-1.
The expression of miR204 detected by qRT-PCR in 24-h organ-cultured endothelium-denuded BPA was decreased by the presence of ET-1 (Fig. 4B) . This effect of ET-1 was not observed in BPA organoid cultured in the presence of ALA, suggesting that that ALA treatment in 24-h organ culture attenuated the ET-1-mediated decrease in miR204 expression.
Effects of organoid culture of BPA with ET-1 mitochondrial and extramitochondrial superoxide, and SOD2 expression in the absence and presence of ALA. To evaluate the source of ET-1-induced superoxide generation, BPA segments were organ cultured for 24 h with 10 nM ET-1 and then exposed to 5 M of MitoSox or dihydroethidine to detect changes in mitochondrial matrix or extramitochondrial matrix superoxide levels. The superoxide-specific hydroxylated products of MitoSox or dihydroethidine were then extracted from BPA and quantified by HPLC, normalized to BPA protein. The data in Fig. 5A indicate that ET-1 can cause an increase in mitochondrial matrix superoxide, and this ET-1-elicited increase does not appear to occur in BPA exposed to ALA under the 24-h organoid-cultured conditions examined. Based on the data in Fig. 5B , ET-1 also increases superoxide in the extramitochondrial regions. In contrast, cotreatment with ALA did not appear to alter basal or ET-1-elevated levels of extramitochondrial superoxide. Organoid culture of BPA with ET-1 for 24 h also decreased the expression of SOD2, and the presence of ALA during exposure to ET-1 prevented this decrease in SOD2 expression (Fig. 5C) . Thus, whereas ET-1 increases superoxide in both the extramitochondrial and mitochondrial matrix regions, ALA appears to only have a prominent effect in attenuating mitochondrial matrix superoxide under conditions where it also prevents the ET-1-elicited decrease in SOD2.
Effects of organoid culture of BPA with ET-1 on the detection of increases in PPIX fluorescence.
Because ET-1 increased mitochondrial matrix superoxide, measurements were made to examine if this was associated with an increase in PPIX accumulation detected by an increase in its surface fluorescence from BPA (29) . The data in Fig. 5D indicate that BPA segments exposed to 24-h organ culture with ET-1 showed a small, but significant, increase in fluorescence in the spectral region used to detect changes in PPIX, suggesting that ET-1 might impair the function of FECH.
Effects of chronic hypoxia in the absence and presence of treatment with ALA on mouse lung mitochondrial matrix SOD2 expression. The effects of chronic hypoxia with and without ALA treatment on SOD2 expression were studied by Western blot analysis of lung tissue lysates obtained from each experimental group (control, ALA treated, 21-day hypoxia, 21-day hypoxia ϩ ALA). SOD2 expression was lowered in mice exposed to 21 days of chronic hypoxia exposure. Mice treated with ALA during this 21-day period did not show a detectible decrease in SOD2 (Fig. 6A) . Thus, ALA treatment appears to prevent the decrease in SOD2 expression caused by chronic hypoxia.
Effects of chronic hypoxia in the absence and presence of treatment with ALA on pulmonary artery FECH activity. To examine the effects of chronic hypoxia exposure and ALA on FECH activity, pulmonary arteries were isolated from mice exposed to the four experimental conditions studied, and these tissues were used for measurements of FECH activity, by a subsequent HPLC analysis. Chronic hypoxia was observed to cause a significant increase in FECH activity that was not observed in the presence of treatment with ALA (Fig. 6B) .
DISCUSSION
This study identified protective properties originating from the modulation of heme biosynthesis through ALA administration in attenuating the progression of chronic hypoxiainduced pulmonary hypertension in vivo. These protective effects were demonstrated through detection of evidence for an attenuated pulmonary arterial pressure increase detected by both RVSP and echocardiography Doppler flow analysis across the pulmonary valve, and by a decrease in right ventricle hypertrophy. Although an oral or intravenous dose of 60 mg/kg ALA has been observed to cause an initial lowering of pulmonary arterial systolic pressure in humans with congestive heart failure for several hours (21), providing 50 mg·kg
ALA in drinking water did not appear to have a major prolonged lowering effect on indicators of pulmonary artery pressure under normoxia conditions (Fig. 1, A and B) or to alter the hypoxic pulmonary vasoconstriction response seen in vivo or in pulmonary arteries isolated from mice treated with ALA (32). The ALA treatment also decreased superoxide in pulmonary arteries isolated from mice exposed to chronic hypoxia, and it prevented detection of a loss of miR204 caused by chronic hypoxia. The 24-h organoid culture model of ET-1-promoting STAT3 phosphorylation-associated decreases in miR204 employed in this study provided evidence that ALA could be attenuating remodeling signaling processes associated with pulmonary hypertension development. Organ culture of BPA with ET-1 with or without ALA showed that ALA was able to lower ET-1-induced elevation in superoxide that was detected by lucigenin chemiluminescence. In addition, a known PKG activator (8-bromo-cGMP) and a NADPH oxidase-2 inhibitor (gp91ds-tat) also lowered sources of superoxide detected by lucigenin. ALA was able to lower the ET-1-induced rise in STAT3 activation in 24-h organ-cultured BPA segments and to prevent the ET-1-elicited lowering of miR204. The organoid culture conditions used for studying ALA were selected based on a previous study optimizing the accumulation of PPIX and its activation of sGC based on vasodilator-stimulated phosphoprotein phosphorylation by PKG (29) . In this previous study, it was demonstrated that the ALA treatment decreased contraction to serotonin (29) , a mediator that has been shown to promote a superoxide-mediated increased level of contraction in pulmonary arteries isolated from mice exposed to 21 days of hypoxia (27) . Thus, ALA may function through a cGMP-mediated PKG activation mechanism that attenuates ET-1-elicited stimulation of superoxide generation, potentially contributing to activating src-mediated phosphorylation of STAT3.
Studies examining the sources of superoxide stimulated by ET-1 using more quantitative HPLC methods detected evidence for increases in superoxide originating from both mitochondria and extramitochondrial sources. Although these individual sources of superoxide may activate each other (16, 36) , 
ET).
D: BPA segments were exposed to 24-h organ culture without or with 10 nM ET-1, after which they were subjected to surface fluorescence measurement of PPIX (n ϭ 10). *P Ͻ 0.05 vs. Control.
evidence for this type of an interaction was not readily detected because ALA showed evidence of major differences in its effects on these subcellular sources of superoxide in the ET-1 organoid culture BPA model studied. Whereas ALA appeared to eliminate the increase in mitochondrial matrix superoxide detected with MitoSox, it did not have a detectible inhibitory effect on the extramitochondrial matrix sources of superoxide detected by DHE. In addition, ALA prevented the depletion of the mitochondrial matrix scavenger of superoxide, SOD-2. Thus, based on these in vitro studies in BPA, ALA may have a more dominant effect on inhibiting increases in mitochondrial superoxide.
The detection by MitoSox of increased mitochondrial superoxide and increased PPIX fluorescence from BPA organoid cultured with ET-1 suggested that these conditions could promote an inhibition of FECH activity by a process such as Changes in lung SOD2 (25 kDa) expression were detected by Western analysis (n ϭ 7) (A), and ferrochelatase (FECH) activity in homogenates of isolated pulmonary arteries was detected by the conversion of PPIX to ZnPPIX, followed by HPLC analysis (n ϭ 3-5/group from 5-8 mice) (B). *P Ͻ 0.05 vs. control (t-test).
cGMP c Fig. 7 . Hypothesized processes potentially contributing to the ability of ALA to attenuate the development of hypoxia-induced pulmonary hypertension. The model begins with the initial effects of ALA on attenuating increases in mitochondrial superoxide and decreases in SOD2, which could potentially occur through PPIX stimulating cGMP signaling and by decreased mitochondrial superoxide. Decreased mitochondrial reactive oxygen species (ROS) could then help restore the biosynthesis of heme. A combination of decreased ROS and increased cGMP generation by soluble guanylate cyclase (sGC) could function to prevent increased vascular reactivity and pulmonary arterial smooth muscle remodeling processes that contribute to the progression of pulmonary hypertension development.
superoxide disrupting its iron-sulfur center (9) . The loss of mitochondrial SOD2 expression in chronic hypoxia (Fig. 6A) and in other models of pulmonary hypertension (3) suggested an inhibition of FECH activity might be detected in pulmonary arteries isolated from animals with pulmonary hypertension because mice with a genetic deficiency in SOD2 show evidence of a superoxide-mediated inhibition of FECH activity (9) . However, investigation of the effects of chronic hypoxia in mice on pulmonary arteries isolated from these animals detected an actual increase in FECH activity that was not seen in pulmonary arteries from mice treated with ALA together with hypoxia (Fig. 6B ). These observations are consistent with other studies showing that, under hypoxia, hypoxia-inducible factor-1␣ (HIF-1␣) binding to hypoxia response elements in the ferrochelatase gene promoter is likely to be upregulating FECH expression and activity (28, 35) . The rate-limiting step in heme biosynthesis, ␦-aminolevulinic acid synthase, has also been reported to be upregulated under hypoxia in erythroid cells, but this increase does not appear to be mediated by HIF-1␣ (22) . We hypothesize that this overall induction of the heme biosynthesis pathway by hypoxia could be part of an adaptation mechanism in which the pulmonary vasculature responds to hypoxia-induced stress by upregulating the heme biosynthesis pathway to meet the heme requirements for the assembly of hemo-proteins, including cytochrome c oxidase (complex IV in the mitochondrial electron transport system) and perhaps sGC. However, oxidant conditions may have a more dominant effect on decreasing the availability of Fe 2ϩ for heme biosynthesis from PPIX by FECH. The evidence for a systemic iron deficiency in pulmonary hypertension associated with iron availability limitations in red blood cell heme biosynthesis (14) supports the possibility of a similar deficiency in the pulmonary vasculature. Thus, alterations in vascular heme biosynthesis could be an important factor in influencing the progression of pulmonary hypertension development.
ALA can be acting to lower mitochondrial superoxide in a manner that modulates both the biosynthesis of heme and its influence on the progression of pulmonary hypertension in a number of ways. Initially, ALA may function via increasing cGMP as a pulmonary vasodilator (21, 29) , which also attenuates increases in superoxide caused by ET-1 (Fig. 3A) and perhaps other pulmonary hypertension mediators. ALA also prevents the depletion of mitochondrial matrix-localized SOD2 (Figs. 5C and 6A ), which appears to normally be downregulated by epigenetic mechanisms in pulmonary hypertension (3) . By providing the limiting biosynthetic precursor for heme biosynthesis, treatment with ALA will increase the availability of PPIX for heme generation by FECH. This could provide heme needed for the maintenance of mitochondrial complex IV (cytochrome c oxidase) (4), a component of the electron transport chain reported to be depleted in pulmonary hypertension and associated with increased mitochondrial superoxide generation (7) . Restoring heme in complex IV could prevent the decrease in its activity, thus attenuating a process that could normally increase mitochondrial superoxide production (5) . Under oxidative stress, ferrous iron is prone to oxidation to the ferric state, leading to ferrous iron deficiency, and, ultimately, a heme deficiency (24) . Thus, as ALA lowers the oxidant effects of increased mitochondrial superoxide production, it may further restore heme biosynthesis and reverse the effects of any deficiency in heme. Increased mitochondrial superoxide elevation is believed to be one of the triggers for vascular remodeling that takes place in chronic hypoxia-induced pulmonary hypertension (8) . Whereas ALA provides PPIX used for the production of heme needed for NO stimulation of sGC, it will also increase PPIX to levels that can also elevate cGMP and activate PKG (29, 32) , and this mechanism may be favored when heme biosynthesis by FECH is disrupted. Both of these processes stimulating PKG could function during prolonged treatment with ALA to attenuate the persistent vasoconstriction and vascular remodeling elicited by chronic exposure to hypoxia and perhaps other factors promoting pulmonary hypertension through processes hypothesized in the model shown in Fig. 7 .
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